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ABSTRACT
EFFECTS OF A CIRCADIAN MUTATION ON ADULT NEUROGENESIS
FEBUARY 2021
MICHAEL SEIFU BAHIRU, BS, BA, UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Emeritus Eric L. Bittman

Rotating shift work, irregular sleep patterns and jetlag disrupt circadian rhythms, induce
or aggravate disease, and produce deficits in cognitive function. Internal misalignment, a state in
which abnormal phase relationships prevail between and within organs, is widely proposed to
account for these adverse effects of circadian disruption. This hypothesis has been difficult to
test because phase shifts of the entraining environmental cycle lead to transient desynchrony.
Thus, it remains possible that phase shifts, regardless of internal desynchrony, account for
adverse effects of circadian disruption. I have used the duper mutant hamster, whose locomotor
activity rhythms re-entrain 5-fold faster than wild types after a phase shift of 8 hours, to test
whether internal desynchrony can account for adverse effects of jet lag on adult neurogenesis. I
subjected wild type and duper female hamsters to alternating 8h phase advances and delays of
the LD cycle at 16-day intervals. I injected 5-Bromo-2’-deoxyuridine (BrdU, a thymidine
analogue) after the 4th shift and collected brains after the 8th shift. As expected, mutants reentrained activity rhythms more rapidly than did wild types. On the other hand, estrous cycles, as
assessed by vaginal smears, were rarely disrupted by repeated phase shifts in either genotype.
I next compared cell proliferation and neurogenesis in the subgranular zone of the
hippocampus between Duper mutants and wild type siblings using the S-phase marker BrdU and
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the neuronal marker NeuN. I assessed the total number of BrdU cells in the subgranular zone of
the hippocampus, as the proportion that expressed NeuN. Duper mutants had more BrdU-ir cells,
and more BrdU+/NeuN+ cells than did wild types, whether or not they experienced phase shifts,
revealing an unexpected increase in neurogenesis. Surprisingly, repeated phase shifts increased
neurogenesis in WT but not duper hamsters. Despite the increase in neurogenesis, phase shifts
reduced the number of adult-born non-neuronal (BrdU+/NeuN-) cells in WT hamsters but had no
such effect on duper mutants. In addition, the duper mutation increases hippocampal
neurogenesis regardless of circadian. Our results suggest that adult-born non-neuronal cells are
most vulnerable to circadian disruption, and that internal desynchrony promotes their demise.
disruption.
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Introduction

Circadian Rhythms
Life on Earth has evolved biological clocks that anticipate the Earth’s 24-hour rotation on
its axis. The day light cycle imposes a selection pressure for endogenous rhythms due to the
numerous advantages of anticipating changes in the environment. Biological clocks enable the
generation of endogenous circadian rhythms. Circadian comes from the Latin words “circa”
about and “diem” day. Circadian rhythms are defined as endogenous daily oscillations of
biological processes, which enable organisms to maintain appropriate phase with the
environment. The central pacemaker in the mammalian brain is the suprachiasmatic nucleus,
located in the anterior hypothalamus. In the absence of environmental cues, the SCN generates
robust oscillations with a period of approximately, but not exactly, 24 hours. It receives retinal
projections that convey entraining information from the environment. Light is the most potent
time giver or, zeitgeber. Input from intrinsically photosensitive retinal ganglion cells to the SCN
sets phase (Rusak et al., 1990; Hatter et al., 2002; Berson et al., 2002). It also adjusts period by
shifting phase, which in turn dictates phase relationships of extra-SCN and peripheral oscillators.
Although the SCN is the master clock, almost every cell has its own molecular clock (Figure 1).

The Molecular Clock
The molecular clocks found in plants, fungi, mammals and insects rely on conserved
transcriptional-translational feedback loops (TTFL) (reviewed in Greenham et al., 2015;
Takahashi et al., 2017; Patke et al., 2019). In mammals, the core clock genes are Cryptochrome
(Cry 1,2), Period (Per 1,2,3), Brain and Muscle ARNT-Like 1 (Bmal1), Clock and Npas2. These
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genes need to be intact for proper clock function and their compromise leads to arrhythmic
animals. The latter is only true for deletion of all isoforms of the given clock gene. There is
evidence of single isoform knockouts of core clock genes that result in rhythmic and
phenotypically unique mutants. For instance, Cry1-/- mutants show a shorter period of ~23h
periods while Cry2-/- knockouts have a longer period of ~25h (Thresher et al., 1998; van der
Horst et al., 1999).
The core clock genes, transcripts, and protein products can be categorized into positive
and negative arms. Cryptochrome (Cry 1,2), Period (Per 1,2) make up the negative limb while
Bmal1 Clock and Npas2 are part of the positive arm of the TTFL. The latter form a heterodimer
which activates transcription of Per and Cry through enhancer elements (E-box motif). Once
transcribed and translated PER and CRY dimerize and form a complex (PER/CRY). This
complex is phosphorylated by CK1ε/δ which facilitates nuclear transport and ubiquitination. This
trimer acts on the positive arm to reduce the transcription of Per and Cry; therefore, making up
the negative limb of the of the TTFL. The time required for completion of both arms of the
TTFL accounts for the period of the molecular clock. There are other clock genes with their own
loops such as RORα and REV-ERBα. They regulate rhythmicity of Bmal1 and also affect the
period of the molecular clock.

The SCN as the Master Pacemaker: Outputs and CNS oscillators
The master pacemaker in mammals is the SCN. Its role is to sustain endogenous rhythms,
possibly by ensuring phase coherence of subordinate oscillators, and integrate light information
from the environment in order to entrain and measure photoperiod (Figure 1). Ablating the SCN
results in arrhythmicity of behavioral and physiological rhythms. Experiments with SCN
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transplants between wildtype and short-period mutant hamsters demonstrated that the SCN is
essential in determining the period of the organism and establish it as the master pacemaker
(Ralph et al., 1990). The SCN is a self-sustaining oscillator that entrains extra-SCN clocks in the
brain and peripheral clocks. Numerous clocks with a complex transcriptional landscape are under
SCN control with different phases with one report suggesting 40% of the coding genome being
under circadian control (Zhang et al., 2014). The circadian clock, on a genome wide scale,
controls transcriptional and posttranscriptional mechanisms through modulating RNA
polymerase II binding and chromatin remodeling (Koike et al., 2012). The latter report indicates
that only ~22% of cycling mRNAs are under circadian control. The intracellular molecular clock
is important for regulation but signals from the SCN are crucial.
Important forms of output from SCN are neural and humoral signals. Extra-SCN oscillators
in the CNS receive both types of input from the SCN. Neural outputs come in the form of direct
and indirect projection from SCN. Using viral and lectin tracing, main projections of SCN to
other nuclei in the hypothalamus that regulate important physiological functions were
demonstrated (Watts et al., 1987; Morin et al., 1994; Leak et al., 2001; Vujovic et al., 2015).
SCN also projects to other brain regions. For instance, a subset of SCN cells which express
Vasoactive intestinal peptide (VIP) project to gonadotropin-releasing hormone (GnRH) cells
which are essential for proper female reproduction through control of LH surge (van der Beek
EM et al., 1993, 1994, 1999). Projections to regions such as the subparaventricular zone,
dorsomedial hypothalamus (DMH), tuberomammillary locus coeruleus (LC) are vital for proper
rest-activity rhythms, arousal/sleep-wake behavior (reviewed in Begemann et al., 2020).
Humoral signals are another important form of output. Classic experiments using
encapsulated neonate SCN grafts which do not permit axonal outgrowth indicate humoral
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outputs suffice to maintain locomotor rhythms with period of the donor. Other functions such as
entrainment or endocrine rhythms require axonal communication (Silver et al., 1996, MeyerBernstein 1999). Candidate molecules that act as humoral signals have been identified and
include TGFα, PK2, AVP, Glutamate, GABA (reviewed in Liu et al., 2007). There are other
forms of outputs worth noting, notably behavioral ones such as the sleep-wake cycle, body
temperature or food intake. Mechanisms of communication in the multi-oscillator network of
circadian rhythms are still not fully elucidated. Nonetheless, temporal coordination of
information flow in this complex system is essential for behavior and physiology.
The SCN is the master pacemaker of the circadian system but there is evidence for other
brain clocks whose roles are not fully elucidated. By measuring core clock gene expression
rhythms, it is possible to assess whether certain brain regions are rhythmic. Abe (2002) showed
14/27 brain region selected oscillated more than once cycle The olfactory bulb has autonomous
endogenous rhythms similar to the master pacemaker (Granados-Fuentes et al., 2004).
The hippocampus displays circadian oscillations for all the major clock genes (Harbour et al.,
2014). The molecular clock is important for learning and memory. Peak activities of clock genes
in the hippocampus matches with timing of memory formation and consolidation. Per1-KO mice
show severe impairment in hippocampal dependent memory (Jilg et al., 2010). The dentate gyrus
contains cells with high amplitude expression of circadian clock genes (Harbour et al., 2014).
Interestingly, PER2 oscillations in the hippocampus are in anti-phase with the SCN.
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Figure 1 The mammalian circadian clock and the information flow. The input is information
that can be detected from the environment such as light. The information reaches the master
clock and is used for entrainment. This is followed by an output signal with resetting capabilities
to the rest of the body including extra-SCN brain oscillators as well as peripheral clocks. This
multi-oscillator network has an output in the form of behavior and physiology produced by the
extra-SCN and peripheral oscillators which is under circadian control. (Adapted from Liu et al.,
2007)

Entrainment
Self-sustaining oscillators can be entrained by periodic environmental signals, and indeed
this in large part confers their adaptive advantage. Rhythmic outputs of the clock mechanism
match the zeitgeber’s period (by definition) with characteristic phase relationships. Phase angles
are determined by the relative free running periods of oscillators as advances or delays are
required each cycle in order for periods to conform. Entrainment is distinct from masking. The
latter is not dependent on the master clock, instead, it is a reaction to light that does not require
an internal oscillator. Entrainment ensures conservation of phase angle as photoperiod changes
which is important in a seasonal context.
Anticipation is key to fitness highlighting entrainment as an evolutionarily advantageous
trait. cyanobacteria with circadian periods similar to the period of the light dark cycle have a
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competitive advantage, likely because they adopt a phase angle that maximizes photosynthesis
(Ouyang et al., 1998).
In the non-parametric model of entrainment, presentation of a zeitgeber causes phase shifts
whose amplitude and direction are a function of the phase at which they arrive. The SCN gets
light input from the retina through direct innervation, as well as indirect input through the
intergeniculate leaflet (Moore). SCN achieves rapid phase shifts compared to other brain
structures and other organs (Yamazaki et al., 2000; Abe et al., 2002). This is also seen in the
difference of resetting between SCN and behavior. In fact, different tissues and structures reset at
different rates (Yamazaki et al., 2000). If there are differences in re-entrainment rates between
different organs and within organs, then when the animal is internally desynchronized, i.e., in
transients (Aschoff 1965; Vetter). The normal phase relationships between the different clocks
are disrupted. Chronic phase shifts in the form of jetlag and shiftwork have long been known to
lead to wide ranging disorders. It’s hypothesized that the repeated state of internal phase
desynchrony is the main cause of the pathologies (reviewed in Costa 2010).

Circadian disruption and Internal desynchrony
Disruption to light dark cycles is ubiquitous in the modern-day life of humans. It comes in
numerous forms such as rotating shift work, irregular sleep patterns, social and travel jetlag.
Such disruption is correlated with a long list of diseases which can be grouped into psychological
disorders, gastrointestinal disorders, metabolic disorders, cardiovascular disorders, cancer and
reproductive health to name a few (reviewed in Costa 2010).
Circadian disruption-linked disorders are not unique to humans. Rodents also show similar
instances of disruption related disorders. This enables the use of animal models to test the
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internal desynchronization hypothesis. Psychological disorders, one of the main groups of
diseases linked with circadian disruption, have been shown in both humans and rodents. Decline
of cognitive performance due to circadian disruption in the form of shift work is well
documented in humans (Marquié et al., 2014). Similarly, experimental chronic jetlag has been
shown to negatively affect learning and memory in rats and hamsters (Gibson et al., 2012;
Hoarsey et al., 2020). Interestingly, learning and memory is significantly correlated with an
increase in adult born neurons in the dentate gyrus of the hippocampus (Gould et al, 1999). It’s
no surprise that circadian disruption also negatively effects adult neurogenesis. Chronically jetlagged hamsters, rats and mice show a decrease in hippocampal adult neurogenesis both in cell
proliferation and maturation (Kott et al., 2012; Gibson et al., 2012; Hoarsey et al., 2020). The
internal desynchrony hypothesis is once again relevant and could explain why circadian
perturbation negatively affects adult neurogenesis in mammals.

Adult Neurogenesis
History and tools
It was long assumed that new neurons aren’t produced in the brain after birth. This
concept was upheld as dogma and supported even by Ramon y Cajal, who stated that “In the
adult centers, the neural paths are something fixed and immutable: everything may die, nothing
may be regenerated” (Ramon y Cajal, 1928). The lack of adult born cells in the brain was put
into question with pioneering work done by Altman and Das. Their work lead to the discovery of
newly generated cells in the dentate gyrus of the hippocampus in adult rats (Altman and Das,
1965). This finding was greatly facilitated by the use of thymidine-3H autoradiography. The
1990s brought further breakthrough in better elucidating adult neurogenesis, facilitated by the
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use of Bromodeoxyuridine (BrdU), a thymidine analogue to label newly synthesized DNA in
dividing cells. Using BrdU labelling, adult neurogenesis was confirmed in the subgranular zone
of the dentate gyrus (Kuhn et al., 1996), and the subventricular zone of the lateral ventricles
(Doetsch et al., 1997) of rodents. It has now been shown that neurogenesis continuous
throughout life in both brain regions. One of the first reports of adult neurogenesis in humans
came swiftly after work in rodents (Eriksson et al., 1997). However, this topic is still highly
contested and recent studies confirm (Spalding et al., 2013; Moreno-Jiménez et al. 2019) and
refute (Sorrells et al., 2018) the existence of human hippocampal adult neurogenesis. These
discrepancies may be due to differences in protocols (Flor-Garcia et al., 2020).
Since the invention of BrdU, other thymidine analogues were developed (IdU, ClU, EdU)
to facilitate marking of cell birth. Furthermore, the development of antibodies that target proteins
expressed in different stages of proliferation and differentiation contributed to marking the stages
of neuronal differentiation in adulthood. Additionally, the use of two photon microscopy
permitted in vivo recording of hippocampal adult neurogenesis in rodents (Pilz et al., 2018).

Two Niches
In rodents, active adult neurogenesis is nearly exclusive to two brain regions, the
subgranular zone (SGZ) in the dentate gyrus of the hippocampus, where new dentate granule
cells are generated (reviewed in Gonçalves et al., 2006), and the subventricular zone (SVZ) of
the lateral ventricles, where new neurons are generated and migrate through the rostral migratory
stream (RMS) to the olfactory bulb to differentiate into different subtypes of interneurons
(reviewed in Lim and Alvarez-Buylla, 2016; Obernier and Alvarez-Buylla 2019). These regions
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are considered to be neurogenic niches. The term niche is used due to the unique nature of the
micro-environments that harbors stem cells and their progeny.
The main cells for adult neurogenesis in SVZ are proliferating radial glia-like cells that
generate transient amplifying cells, which in turn produce young neurons (neuroblasts). The
latter form a chain and migrate relatively far (3-8mm in mice) toward the olfactory bulb in a
tunnel-like tube formed by astrocytes, dubbed rostral migratory stream (RMS) (Lois et al., 1996)
Upon arrival at the bulb, immature neurons detach from the RMS and migrate radially toward
glomeruli where they differentiate into different subtypes of interneurons (reviewed by Lledo et
al., 2006). Up until recently, the functional roles of these newly integrated olfactory bulb (OB)
neurons was unclear. Recent studies suggest a role of fine tuning of circuits in OB for better odor
discrimination as well as odor-reward association (Grelat et al., 2018; Li et al., 2018).
SGZ are proliferating radial and non-radial precursors followed by intermediate
progenitors which differentiate into neuroblasts. Immature neurons migrate into the inner granule
cell layer and differentiate into dentate granule cells in the hippocampus. Within days, newborn
neurons extend dendrites toward the molecular layer and project axons through the hilus toward
CA3 (Zhao et al., 2006). Contrary to the newly generated SVZ inhibitory interneurons, SGZ
neurons are excitatory and are crucial for learning and memory as well as pattern distinction
(reviewed in Ming and Song, 2011).
Cell division in the adult brain extends to the large population of periventricular cells
classified as tanycytes. These cells may differentiate into neurons, and their role is to integrate
peripheral and possibly environmental information. The tanycyte population in hamsters is
regulated by photoperiod, with major implications for metabolism and reproduction (reviewed in
Prevot et al., 2018; Lewis and Ebling 2017).

9

Circadian control of Adult Neurogenesis
Circadian disruption has widespread consequences on an array of organs, tissues and
physiological functions. The disruption or ablation of the clock sheds light on its major roles in
maintaining tissue homeostasis. The cell cycle is one process regulated by circadian rhythms.
The circadian clock and the cell cycle are heavily intertwined. Cell cycle regulators including
p21, which is a cyclin-dependent kinase inhibitor important for cell cycle progression are under
circadian control (Grécherz-Cassiau et al., 2008). The brain harbors neural stem cells (NSC) in
exclusive zones. Those cells are under circadian regulation, especially the NSC population in the
SGZ. Niches are specialized micro-environments which are highly vascularized and are a source
of rich information which determine cell state (quiescent or active). Wnt, BMP, Notch and Shh
are examples of cell-cell signaling systems. They play different roles in cell fate and self-renewal
(review in Draijer et al., 2019). Although their role is significant, circadian control of cell
division is better established in other cell types (hair follicle stem cells, reviewed in Brown,
2014) and it is yet to be shown in adult NSC.
Nonetheless, circadian clocks regulate hippocampal adult neurogenesis in numerous
ways. Hippocampal NSC cell division is circadian with peak levels of division at the transition
from light phase to dark phase in Syrian hamsters and rats (Smith et al., 2010; Bouchard et al.,
2013). Yet, different cell types which make up the process of adult neurogenesis don’t all have a
functional clock. The proliferating radial and non-radial precursors have a functional clock with
Per2 oscillations (Bouchard et al., 2013). This clock is not present in intermediate progenitor
cells and reappears in neuroblasts (Bouchard et al., 2013). This is indicative of a dual role of the
functional circadian clock at the stage of cell cycle entry/exit and differentiation. The latter
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requires further investigation. On the other hand, SVZ adult neurogenesis seems to lack any
involvement of the clock (Tamai et al., 2008).
Cell cycle entry and exit in hippocampal NSC is regulated by circadian clock proteins
PERIOD2 and BMAL1. (Bouchard et al., 2013; Rakai et al., 2014). This an important form of
regulation since un-controlled cell cycle entrance and exit could be detrimental due to rapid
depletion of the NSC population. This is reflected in the high levels of proliferation observed in
clock gene knockout animals (Bouchard et al., 2013; Schnell et al., 2014; Rakai et al., 2014).
Differentiation might also be clock regulated. BMAL1 and CLOCK knockouts are preferential
towards a neuronal fate compared to an astroglial lineage and this might be inhabited by the
repressors of the negative limb of the circadian clock (PER2, CRY1 and CRY2). In summary,
hippocampal adult neurogenesis is under the regulation of a circadian clock that regulates cell
cycle entry and exit and possibly differentiation (Malik et al., 2015).

Adult neurogenesis and circadian disruption
Simulated jet lag with changing of LD cycles negatively affects adult neurogenesis in the
SGZ but little evidence points to any effects in SVZ. For instance, weekly 6h phase shifts
reduced number of immature neurons in the SGZ of rats. The effect was only present in phase
advances but not phase delays and was more pronounced with further phase shifts (Kott et al.,
2012). A more recent study replicated this finding in male rats and showed that not only was the
number of immature neurons reduced in animals subjected to phase shifts, but those that
survived showed abnormalities in arborization (Horsey et al., 2020). In an experiment with even
more frequent shift schedules (3-day consecutive phase advances), not only cell proliferation at
the moment of sacrifice but also adult neurogenesis was decreased compared to controls in
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Syrian hamsters. Additionally, shifted animals showed long term deficits in learning and memory
(Gibson et al., 2010).
Phase shifts are not the only experimental method to induce circadian disruption. Placing
animals in various T cycles, even within the range of entrainment, or placing in constant light
disrupt circadian rhythms. Adult neurogenesis as well as hippocampus-dependent memory is
disrupted in animals placed in constant light environment (Fujioka et al., 2011). On the other
hand, T cycles to which the animal can entrain induce abnormal internal phase relationships that
can be deleterious (West et al., 2018).
Although circadian disruption is linked with negative impacts on adult neurogenesis, it is
still not clear whether the negative effects of circadian disruption dependent on adult
neurogenesis reflect malfunction of the cell autonomous clocks of the stem cells or other cell
types that make up the niche.

A new circadian mutation in hamsters
In the late 2000s, a new circadian mutation arose in from a small colony of tau hamsters.
Similar to tau heterozygotes hamsters (Ralph et al., 1990), duper has a short free running period
of 23hrs (Krug et al., 2011; Monecke et al., 2011; Bittman 2014). Duper mutants show rapid reentrainment of locomotor activity rhythms after a phase advance or delay (Kumar et al.,
unpublished). Rapid behavioral re-entrainment of the mutant leads us to ask the question of
whether the rapid re-entrainment is the case for all the oscillators. If so, such a mutant could be
resistant to jet-lag due to the reduction of time spent in transience between shifts, i.e., dupers
may experience a shortened interval of internal desynchronization upon shifts of the LD cycle. If
so, negative effects of repeated circadian disruption might be mitigated.
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The duper mutant provides an opportunity to assess the hypothesis that internal
desynchronization is the main factor driving circadian disruption disorders. This hypothesis is
has been hard to test due to difficulty of decoupling shifts and transience. Due to rapid
locomotive activity rhythms re-entrainment after shifts, it’s possible to determine whether
internal desynchrony is responsible for the deleterious effects. Alternatively, phase shifts per se
are disruptive and deleterious effects don't depend on transients as suggested by West et al., in
which stable entrainment causes cardiac myopathy if T deviates far from tau.
As a physiological process that has been documented in hamsters (Huang et al., 1998,
2002) and shown to be affected by phase shifts in this and other species (Gibson et al., 2010,
Kott et al., 2012; Horsey et al., 2020) adult neurogenesis offers advantages as an endpoint in
testing the hypothesis that internal desynchronization contributes to deleterious effects of
circadian disruption.
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Methods and Protocol

Maintenance of Adult Hamsters and photo period manipulation
Adult female Syrian Hamsters (LVG strain bred from animals purchased from Lakeview
hamstery, Billerca, MA) were maintained in 14L:10D cycle from birth. The animals had ad
libitum access to food and water. At approximately 85 days of age, animals were single housed
in a plastic tub cage with a metal running wheel (17cm diameter). Locomotor activity was
tracked throughout the experiment via ClockLab Actimetrics (v. 2.4.2). A total of 34 animals
were used in the experiment. All procedures and methods were approved by animal care and use
committee (IACUC) of the University of Massachusetts at Amherst.

Phase shifting paradigm
Animals were grouped into either a shifted (n=16) or unshifted group (n=16). Each group
was composed of WT (n=8) and duper (n=8) animals. The unshifted group remained in
unchanging 14L:10D (lights on 0700; Fig 1). The shifted group was subjected to an 8h phase
delay (lights on at 15:00) beginning at approximately 85 days of age. Shifts were repeated at 16day intervals, so that hamsters experienced alternating phase delays and advances, for a total of 8
shifts. Phase delays were accomplished by extending the light phase while phase advances by
delaying the dark phase. Daily vaginal smears were conducted in the early light phase (ZT 3) in
order to track estrous cycle throughout the experiment. The first 4 shifts were done on proestrus,
and subsequent shifts were done on metestrus.
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Cell Division Marker Injections
At the end of the 4th shift (the 2nd advance), animals were administered
Bromodeoxyuridine (BrdU, 5-bromo-2'-deoxyuridine, Sigma Chemical Co., St. Louis, MO; 50
mg/kg in 0.07N NaOH). In light of evidence that cell division varies with the time of day (Smith
et al., 2010,) multiple injections were given at different ZTs. The first injection was at lights-on
(ZT1, 8:00 h E.T), the second at lights-off (ZT13, 20:00 h E.T) and the third and last injection
was midday the following day (ZT6, estrus, 13:00 h E.T). Age and estrus matched days were
used to inject animals in the unshifted group.

Tissue collection
The animals were anesthetized with 0.1 ml of sodium pentobarbital (80mg/kg) at ZT 8.
Transcardial perfusion with 100 ml of 0.1M PB was followed by 300ml of 4%
paraformaldehyde. Once the brain was extracted, it was post-fixed in 4% paraformaldehyde for
15 hours at 4C before transfer to 20% sucrose in 0.1M PB at 4°C. After 2 days of infiltration,
the brains were sectioned at 40um using a freezing microtome. Tissues were collected in a 1 in 6
series and stored in cryoprotectant at -20°C until stained.

Antibodies
Double label immunocytochemistry was used to detect BrdU and NeuN protein. The
primary antibodies were anti- BrdU made in rat (1:350; Accurate Chemical & Scientific Co) and
anti- NeuN made in mouse (1:1000, Chemicon). Secondary antibodies re Cy3 Donkey anti-Rat
(1:350, Jackson Immuno Research) and Cy5 Donkey anti-Mouse (1:350, Jackson Immuno
Research, 715-175-150), respectively. DAPI was used as a counterstain (1:1000, ThermoFisher).
All antibodies are diluted in PBS+.
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Immunocytochemistry
In order to examine cell division in the two major germinal regions of the adult brain, 4
sections were taken from the subventricular zone (SVZ) in the wall of the lateral ventricle at the
preoptic-striatal level, and 5 from the hippocampal subgranular zone (SGZ) of each animal.
These regions span most of the preoptic area for SVZ and most of the hippocampus for SGZ. All
sections were stained simultaneously in a single run. To facilitate tissue handling 6X10 wells
were used to wash the sections with Phosphate Buffer Solution (PBS). Once the sections were
washed x4, they were blocked in PBS+ with 4%? 10? normal donkey serum for 1hr, followed by
primary antibody and incubated overnight (14hr-18hr) at room temperature on a rocker. After
washing (4x PBS) and incubation in secondary antibody for 2hrs at room temperature. The
sections were washed (2x) and placed in DAPI (1:1K) for 30 min at room temperature. The
sections were washed in Phosphate Buffer (PB) and mounted on subbed slides then left to dry
overnight. The sections were cover-slipped (Aqua-Poly Polysciences, Warrington, PA, 1860620) and set to dry for 2 days and stored until imaging.

Imaging, cell counting and quantification
Images were collected in the form of z-stacks at 20x (10x objective) and 16-bit rate with
a Zeiss 710 confocal microscope. The gain used for the first channel (Cy3) is 620 and a gain of
681 was used for the second channel (Cy5). Once the upper limit and lower limit of each section
was established, regions of interest (ROI) were identified spanning one section at a time. Once
every ROI is established, z-stacks for every selected region start being collected for both
channels automatically through Series option in Zeiss confocal software.
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Files can be collected in the .czi format, FIJI (Fiji is just image j, http://fiji.sc/Fiji ; b) NIH
imaging software was used to convert files automatically in batch form with a macro developed
in the lab. Once conversions were completed, a researcher blind to animal identification
(genotype/condition) conducted manual cell counts and co-labelling. The researcher determined
total BrdU cell counts as well as co-labelled BrdU and NeuN cells. This was determined
manually using MATLAB 2019A which helped separate between the different channels and help
verify co-labelling.

Statistical Analyses
All statistical analyses were performed using GraphPad Prism (version 8.4.2 for macOS,
GraphPad Software, San Diego, California USA, www.graphpad.com). Two-way analyses of
variance (ANOVA) using mixed-effects model was used to evaluate main effects of phase shifts
and genotype, and their interaction for cell counts and co-labelling. Post hoc t-tests were used to
compare shifted and control within the same genotype. Multiple t-tests were used to analyze
activity rhythms re-entrainment data.
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Figure 2. Experimental Design: (A) The shifted group (1&2) was comprised of 8 wildtype and
8 duper female hamsters. Unshifted animals (groups 3&4) served as controls. The green arrow
indicates the timepoint of BrdU injections, at ZT 1 and 12 on the first day and ZT 6 on the
second day for both the shifted group and the control group. (B) After perfusion and sectioning
of the brains, double label immunocytochemistry was used to detect BrdU and NeuN protein.
Images were collected in the form of z-stacks at 20x with a Zeiss 700 confocal microscope.
Manual cell counts by an observer blind to animal treatments determined total BrdU cell number
as well as co-labelled BrdU and NeuN cells.
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Results

Re-Entrainment of Duper and WT
In agreement with previous observations in male hamsters (Kumar et al., in preparation)
duper mutants re-entrained activity rhythms more rapidly than did wild types (2.29± 0.11 vs
12.49±0.5, mean ± SEM; p < 0.05; Figure 3, Figure 4A). For both delays and advances, duper
re-entrained ~5-fold more quickly than wt (2.28±0.17 vs 10.76±1.75 days for advances and
2.65±0.52 vs. 14.08±0.78days, mean ± SEM p<0.05; Figure 4B, C).
Wild types hamsters re-entrained more quickly to advances than to delays (10.76±1.75
days for advances vs 14.08±0.78days, mean ± SEM p<0.05; Figure 4B). Dupers showed no
differences in rates of re-entrainment between phase advances and delays (2.28±0.17 days for
advances vs 2.65±0.52 days for delays, mean ± SEM p>0.05, Figure 4B).
Although activity rhythms were disrupted by 8-hour advance and delay phase shifts; daily
vaginal smears indicated that with very few exceptions estrous cycles were not interrupted in
either genotype (data not shown).
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Figure 3. Duper hamsters re-entrain more rapidly than wild types to advances and delays
of the LD cycle. Double plotted Actograms of representative duper (left) and wild type (right)
hamsters subjected to 8h phase delays (left) and advances (right) of the 14L:10D cycle. Yellow
shading indicates light phase. Mutants re-establish the stable phase relationship of locomotor
activity onset to the onset of the dark phase within 4 days, but WT hamsters required about 14
days to re-entrain. Dupers have a positive phase angle when entrained, show signs of scalloping
and reduced locomotor activity.
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Figure 4. Quantification of latency to re-entrain in duper and wildtype hamsters. (A) Reentrainment of locomotor activity in hamsters over the course of the experiment. Numbers
represent delay and advance respectively along with the respective shift number. Duper (black)
consistently re-entrains much more quickly to both phase advances and delays for each shift. (B)
Mean latencies to re-entrain for all shifts. (C) Duper (red) shows no re-entrainment differences
between type of shifts. WT hamsters re-entrained more rapidly to delays than advances. Results
shown as mean ± SEM.
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Effect of shifts on neurogenesis in the subgranular zone (SGZ)
Adult neurogenesis was assessed in shifted and non-shifted duper and wildtype hamsters.
BrdU-ir was quantified in the subgranular zone of the dentate gyrus of hamsters in each
condition (Figure 5A). Shifted and control groups showed similar numbers of BrdU positive
cells. There was no statistically significant effect of shifts on either genotype (F1 25= 0.06, P=
0.81, Figure 5B). However, duper animals (control and shifted combined) had more BrdU+ cells
than wild types (control and shifted) (F1 25= 4.90 P= 0.036; Figure 5B).
NeuN was used to identify the neuronal phenotypic fate of the BrdU+ cells.
BrdU+/NeuN+ cells are newborn neurons and BrdU+/NeuN- cells are more likely to be newborn
neural stem cells. In wild type hamsters, chronic phase shifts reduced the number of
BrdU+/NeuN- cells. (t11= 2.68 P=0.032; Figure 5C). In contrast, repeated phase shifts in the
duper mutants resulted in no significant effect on the number of BrdU+/NeuN- cells (t14=0.461,
P=0.65, Figure 5C). In agreement with evaluation of the total number of cells, phase shifts had
a genotype specific effect on the percentage of BrdU+ cells that were co-labeled with NeuN (t11=
2.49, P= 0.03, Figure 5D).
BrdU+/NeuN+ cells were also evaluated to assess the effects of shifts and genotype.
Similar to the BrdU+ data, duper mutants had higher numbers of adult-born neurons
(BrdU+/NeuN+ cells overall) than did wild types (F1 25=5.74 P= 0.02; Figure 5E). This was also
reflected when assessing percentage of BrdU+ cells that were co-labeled for NeuN (F1 25= 6.60
P= 0.016, Figure 5F).
In wild types, adult neurogenesis was similar in shifted animals and controls (t11= 1.478
P= 0.16, Figure 5E). However, adult neurogenesis increased in shifted wild types compared to
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controls when assessed as percentage of BrdU+/NeuN+ cells (t11= 2.49 P= 0.03; Figure 5F). No
such effects of phase shifts occurred in dupers: numbers of Brdu+/NeuN+ co-labeled cells, and
the percentage of BrdU+ cells that expressed NeuN, was similar in shifted and unshifted duper
hamsters (t14= 0.213 P= 0.83, Figure 5E; t14= 0.099 P=0.92; Figure 5F).
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Fig 5. Effects of phase shifts and the duper mutation on cell division and neurogenesis in
the subgranular zone of the dentate gyrus (A) Representative micrograph of BrdU (green) and
NeuN (red) in the dentate gyrus. (B)Total BrdU+ cells were unaffected by circadian disruption in
either genotype. Dupers had a greater number of BrdU+ cells than wt. (*, p<0.05). (C) Phase
shifts reduced BrdU+/NeuN- cells in the dentate gyrus in wt (*, p<0.05) but had no effect on
duper mutants. (D) The same was the case for % BrdU+/NeuN- . (E) Duper mutants showed
more neurogenesis than wt when considering cell counts alone as well as for percentage (*,
p<0.05). Phase shifts increased neurogenesis in wts (*; p<0.05) but not in dupers for percentage
(F) but not reflected in cell counts. Results shown as mean ± SEM.

Effect of shifts on adult neurogenesis in the subventricular zone (SVZ)
Few BrdU+/NeuN+ cells are found in the SVZ at the 4 week survival time, and genotype
did not affect their number (F1 24= 1.044 P=0.31, Figure 6). Similar to SGZ data, there was no
significant effect of phase shifts on the number of BrdU+ cells in either genotype (F1 24= 1.426
P=0.244, Figure 6). Note that cells that divide and differentiate in this region join a rostral
migratory stream within the 4 weeks between BrdU injection and sacrifice. These cells will be
quantified in olfactory bulb sections and not included in the SVZ sections quantified here.
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Figure 6. Neither phase shifts nor genotype affects the number of newborn cells in the
subventricular zone at the 64 day survival interval.
(A) Phase shifts did not affect the number of BrdU-ir cells in either genotype, and the number of
BrdU+ cells was similar in wt and duper hamsters. (B) Coronal section of a rodent brain
showing the SVZ as well as the rostral migratory stream, sites where cell division and migration
occurs. (C) Representative micrograph of right ventricle of a coronal section with BrdU+ cells
(green), NeuN+ cells (red) and DAPI (blue).
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DISCUSSION

The data indicate that circadian disruption in the form of repeated alternating 16-day
phase shifts reduces the number of adult born non-neuronal cells in the subgranular zone of the
dentate gyrus of wild type hamsters. This effect was not evident in duper mutant hamsters. Such
circadian disruptions had no detectable impact on non-neuronal cells in the SVZ at the 4-week
survival point. Mutants show elevated levels of cell proliferation in the dentate gyrus compared
to wild type counterparts. Together, these results support the hypothesis that sustained internal
desynchronization, rather phase shifts per se, is a critical component of the deleterious effects of
chronic circadian disruption. This finding may be significant for our understanding of the
adverse health consequences of shiftwork and jetlag.
Female dupers showed accelerated re-entrainment following alternating consecutive shifts of
the LD cycle. Similar results are observed in experiments on male duper hamsters (Kumar et al.,
in preparation). Female wild type hamsters re-entrain at a significantly longer latency compared
to their duper counterparts. Wild types had a shift-type dependent difference in latency to reentrain. Surprisingly, phase delays took longer to re-entrain from than phase advances. Previous
work suggests phase advances take longer to complete than phase delays (Reddy et al., 2002;
Gibson et al 2012; Kott et al., 2012). Most of the work has so far been done in mice and rats.
One study in Syrian hamsters cites previous literature but shows no evidence of slower reentrainment for advances (Gibson et al., 2012).
Phase advances and delays were altered in an attempt to model human shiftwork, which
alternates between shift days and rest days. Experimental “jet-lag” with such a design is
surprisingly uncommon in the literature. Researchers frequently opt for frequent shifts, which
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maximizes disruption in the interests of obtaining a significant effect but at the expense of
interpretability and relevance to health. Gibson et al (2010) used frequent shifts and did not
include delays. They shifted animals every 3 days, which rendered behavioral data difficult to
interpret in that activity patterns were completely disorganized and showed no sign of
entrainment. The use of such frequent shifts in order to assess the role of circadian rhythms in
adult neurogenesis should be interpreted carefully. If these repeated shifts resulted in arrhythmic
animals as well as animals failing to show any signs of entrainment, then the role of circadian
perturbations must be reassessed and linked to pathology.
It’s important to distinguish free-running (lack of entrainment) from transience (switching
from one entrained state to another) induced in experimental jet-lag protocols. While the animal
is in transients, it is shifting daily: the wt subjected to an 8h advance is running about 1h/day
earlier, similar to a free running duper hamster. The type of circadian disruption needs to be
properly evaluated especially if the goal is to examine mechanisms responsible for the negative
effects of circadian disruption. The leading hypothesis offered to explain deleterious effects of jet
lag posits that the resetting of subordinate clocks occurs gradually despite the faster adjustment
of the pacemaker, leaving the body in a state of internal desynchrony, becomes difficult to
consider if animals are simply free running since that lends no information on the phase
relationships between the different oscillators. This is the main reason why I opted for a design
in which shifts that are less frequent so that wt controls can nearly complete their entrainment.
Thus, wt shifted animals are in continuous transience. This contrasts with the dupers, which
experience only a few transient cycles every 16 days. This enables a test of the internal
desynchrony hypothesis.
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Hippocampal adult neurogenesis is one of many processes affected by circadian
disruption. Compared to other physiological processes, it’s relatively simple to monitor with the
use of thymidine analogues or staining for developmental stage dependent proteins. By having
the tool of phase shifts, adult neurogenesis markers and a unique mutant I am able to develop a
hypothesis: Following a phase shift, rapid resetting of the clock in duper mutants would enable
them to quickly reset phase relationships and be protected from negative effects of circadian
disruption.
To test this hypothesis, I injected BrdU in the midpoint of the experiment. After all shifts
had been done and the animals were sacrificed, I stained for the thymidine analogue in both SGZ
and SVZ. SGZ results showed that BrdU+ cells were similar across condition of shifts for each
genotype but there were differences between genotypes. Duper animals had more BrdU+ cells
compared to WT. Our hypothesis was that the duper mutant would be protective against shifts
but baseline levels of cell division in SGZ were higher in duper compared to WT, which was
unexpected.
SGZ adult-born non-neuronal cells are most vulnerable to circadian disruption, but duper
mutants are protected from this effect. The cell division responsible for adult neurogenesis is
both symmetric and asymmetric (Pilz et al., 2018). BrdU+NeuN- cells are perhaps the progenitor
cells of the SGZ. Further staining with a progenitor biomarker (such as Sox2) should be done to
identify these cells. Nonetheless, either these cells or other non-neuronal adult born cells are
affected by circadian disruption in wild types with pronounced states of transience. Internal
desynchrony in wild types may contribute to a perturbation of the SGZ niche.
BrdU labeled cells were in S phase at the midpoint of the 8-week experiment. These adult
born cells found to co-express NeuN differentiated into neurons in the ensuing 4 weeks. Dupers

30

may experience higher levels of adult neurogenesis, or more newborn cells may survive after
differentiation to neurons over the 4 weeks post-injection. Results indicate that adult
neurogenesis in SGZ is increased in shifted wts compared to control when considering
percentage of BrdU+/NeuN+ cells. This effect of phase shifts is not present in the dupers.
Surprisingly, repeated phase shifts increased adult neurogenesis in wild type hamsters
instead of decreasing similar to what the literature indicates. All hamsters have a running wheel
in their cage to track running behavior. Studies have shown that voluntary exercise increases
adult neurogenesis (Dranovsky et al., 2011). Running activity could be different between the
shifted and control group in wts since the phase shifts have an effect on overall running activity.
Additionally, previous work done on assessing adult neurogenesis in SGZ did not inject BrdU at
a specific time point during phase shifts. Instead BrdU was incorporated throughout the
experiment (Gibson et al., 2012). Other work that was done didn’t include thymidine analogues,
instead used biomarkers of immature neurons to assess neurogenesis (Kott et al., 2012, Hoarsey
et al., 2020). Our approach is unique in that it shows survival of the cells tagged during the
midpoint of the experiment and quantified after maturation and survival. The effect of repeated
shifts was observed in wildtypes and not dupers. I propose that the constant state of transience
(internal desynchrony) during is critical to adverse effects of phase shifts.

Neurogenesis in other brain regions
The SVZ is another neurogenic niche. Contrary the SGZ, there was no difference
between dupers and wildtypes in number of BrdU+ cells. Studies have failed to find a rhythm
cell division in the SVZ (Tamai et al., 2008; Draijer et al., 2019). The SVZ niche generates
neuronal cells that migrate to the olfactory bulb through the rostral migratory stream while the
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non-neuronal cells remain, with only Brdu+/NeuN- cells in SVZ as a result. Our results in SGZ
showed that the latter cell type is affected by internal desynchrony. This may indicate that
circadian disruption of newborn non-neuronal cells is niche/circadian specific, but analysis of the
cells that migrate in the RMS may yet show effects of genotype and/or phase shifts.

Identity of Duper allele
Our lab recently made progress in the search for the gene behind the duper mutation.
Preliminary results indicate a single base deletion leading to a frame shift and stop codon in exon
4 of Cryptochrome 1 (Cry1), suggesting that duper is a Cry1-/- deficient hamster (Cry1-null).
Interestingly, Cry1 is part of the negative limb of the transcriptional translational feedback loop
that makes up the cell autonomous clock (see review Takahashi 2017). Previous work on Cry1-/mice show a short period phenotype (van der Horst et al., 1999). To my knowledge, no work has
been done to show rapid re-entrainment after phase shifts in such a mutant.
The gene also has non-circadian roles. CRY1 is a negative regulator of the hypoxiasignaling pathway HIF-1ɑ (Dimova et al., 2019). The latter is relevant due to its role as a
modulator of cell division in hippocampal progenitor cells. Deficiency of Cry1 in duper mutants
may result in an increase in cell division in the SGZ through disinhibition of HIF-1ɑ.
Conversely, Cry1 -/- mice show reduced division in neurospheres prepared from SGZ
(Malik et al., 2015). Other core clock elements, including BMAL1 and PERIOD 2, are involved
in the cell cycle entry and exit of hippocampal neurogenesis (Bouchard-Cannon et al., 2013).
Further experiments with short interval BrdU survival are needed to assess the effect of duper on
cell division in the SGZ. A limitation to consider is duper as Cry1-/- possibly masking the effect
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of shifts because mis regulation of cell cycle leaves neurogenesis levels high due to noncircadian effects of CRY1.

Future directions
Thymidine analogues aren’t the only tool available to assess adult neurogenesis.
Biomarkers that reflect DNA replication and differentiation will be useful to assess stages of
neuronal developments. Future experiments will include work on tagging cell division at the
moment of sacrifice with proliferating cell nuclear antigen (PCNA) in order to assess the
compounding effects of internal desynchrony in the form of repeated phase shifts on the cell
cycle in SGZ progenitor cells in order to determine whether duper is protective. Additionally,
markers identifying immature neurons with doublecortin (DCX) will give information on the
effects of internal desynchrony from phase shifts on the arborization of these immature neurons
and if duper is once again protective (Hoarsey et al., 2020).
Analysis of the BrdU-labeled cells in the RMS and the olfactory bulb will be performed
to assess influences of circadian disruption and genotype. Similarly, analysis of BrdU labeling in
tanycytes will contribute to understanding of the full extent of adult neurogenesis and its
circadian regulation.
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